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AERONAUTICS

INVXSTIGATIOI?OFLIQUIDFLUORINE- LIQUTDAMMONIAPROPEJXANT

COMBINATIONINA 1OO-POUND-THRUSTROCKETENGIXE

ByEdwardA. Rothenbergand

suMMARY

HowardW. DOU@.aSS

Theperformanceoftheliquidfluorine- liquidsmoniapropellant
ccxubinationwasinvestigatedin100-pound-thrust,water-cooledengines
operatingat a chamberpressureof300poundspersquareinchabsolute.
Severalimpinging-jetinjectorswereevaluatedin chambersof charac-
teristiclengtheqti to 50 inches.A showerhead-t~einJectorwasrun
in a chamberof characteristiclengthequalto100inches.,

Performancedataarepresentedin curvesof specificimpulse,char-
acteristicvelocity,thrustcoefficient,andtotalheatrejectionagainst

8 weightpercentfuel.

Thehighestperformsmcevalueswereobtainedwitha two-ox.idant-on-
one-fuelhpinging-jetinjectorwithfoursetsofholes.A maximum
experimentalspecificimpulseof270pcnu@-secondsperpoundwasobtained
at 29percentfuel. Thisvaluecorrespondsto87percentofthemaximum
theoreticalspecifichrrpulsebasedonequilibriumcompositionexpemsion.
Themaximumcharacteristicvelocityobtainedwiththis4(2-1]injector
was6600feetperseccmdat 32percentfuel,or93percentofthetheo-
reticallyobtainablevelocity.Averagetotalheatrejectionvaried
between2.5and3.1Btu/(sec)(sqtn.)overtherange”of20to40percent
fuel.

Lowerperformancevalueswere.optained,’firunsmadewitha one-
oxfdant-on-one-fuelimpinging-jetinjectorfittedwitha turbulence
coilandwitha showerhead-typeinjector,whileburn-outsresultedin
runsmadewitha secondImo-oxidantion-one-fuelimpingingjet(withsix
setsofholes)andoneofa conicalexrayoffuelJetsimpinging’inside
a similarconeofoxidantjets. .“

Themaximumthrustcoefficientforthecombustion-chsmbernozzles
. usedwas1.31,92percentofthetheoreticalmaximumvaluebasedon

equilibriumcompositionexpansion.
.
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Itwasnotedthatrunsstartedwithan oxidantleadresultedin
.

eitherroughstartsorexplosions,whilerunsbegunwitha fuelleadwere
generallysmooth-starting. “- .:”

INTRODUCTION

witk
Presentrangerequirementsforrocketmissilesleavethedesigner
somechoiceofpropellantcombinations;but,as theserequirements

becomemoredemandi~,&issileweightconsiderationswillfocusatten-_
tiononhigh-performmceoxidantssuchasfluorine.Liquidfluorine
offersthedesigneroflong-rangerocketmissilestheadvantagesof
highperformance,”highdensity,andspontaneousignition- alltending
tominimizetotalmissileweight.

Fluorineisatpresentrathercostly.Adequatetechniqueshave
beendevelopedforthehandlingandtransportationof onlyrelatively
smallquantities.However,therawmaterialswhichgo intothemanu-
factureoffluorineare abundant,and,asnewandlarge-scaleusesare
foundforit,theincreaseddemmd canbe expectedtoresultinan
appreciabledecreaseinprice.Further,experiencewillhelpto develop
safeandsimpleproceduresforhandlingandshippingthegasorliquid
inlargequantities.

Beforemissiledesignerscanseriouslyconsiderfluorineas a
rocketoxidsmt,itmustbe shownthatnear-theoreticalperformancecan
be achievedexperimentally.Workalreadycompletedat theNACALewis
laboratorywithdibor~eanda mixtureofammoniaandhydrazineas
fuelswithliquidfluorine(refs.1 and2,respectively)hasshownthat
experimentalspecificimpulsevaluesoftheorderof88percentand
characteristicvelocityvaluesofapproximately95percentofthetheo-
reticalmaximums,basedonequilibriumcompositionexpansion,are
obtainablein100-pound-thrustengines.Hoyever,preliminaryworkin
a 50-pound-thrustenginewiththeammonia-fluorinecombinationperformed
at theJetPropulsionLaboratoryoftheCaliforniaInstituteofTech-‘-
nology(ref.3) indicateda maximumof84percentofthetheoretical
characteristicvelocity.Experimentalperformanceevaluatedat Ohio
StateUniversityinlow-tlunistenginesatvariouschaiberpressures
(ref.4]was70percentofthetheoreticalm=ximumspecificimpulse.
Inviewoftheexperimentalresultsinreference2,itwasconcluded
that,inspiteofthehighreactivity-offluorine,theinjectionmethod
isstillofprimaryimportanceinachievinghighcombustionefficiencies.

—
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.
Itwas,therefore,theintentionofthepresentworkat theIWCA

Lewislaboratoryto furtherrevealthenatureoftheproblemofeffi-
. cientlyburningliquidfluorineandliquidammoniaina rocketengine.

Accordingly,theperformanceefficienciesof severaldifferentinjector
configurationswereevaluatedovera propel.lmtmixturerangewiththis
combinationin100-pound-thrust,water-cooledrocketenginesoperating

~ ata chsmberpressureof300poundspersquareinchabsolute.
m

Specificimpulse,characteristicvelocity,thrustcoefficient,and
totalheatrejectionwerecalculatedfraumeasuredthrust,propellant
flows,chamberpressure,coolantflaw,andcoolanttemperatures.Curves
oftheperformanceparametersplottedagainstweightpercentfuelare
presented.

Impinging-jetbjectors,runin chambersof characteristiclen@h
equalto 50 inches,includedtwodifferenttwo-oxidant-on-one-fuel
injectors(onewithfoursetsofholes,theotherwithsixsets),a
one-oxidant-on-one-fuelinjectorwithtwodifferentturbulenceCoilsj
andoneofa conicalarrayoffueljetsimpinginginsidea similarcone
of oxidantjets.A showerhead-typeinjectoralsowasrunina chanber
of characteristiclengthequalto100inches.

b

m
c*

g
I

Iex

~h

Ih,p

5

.

NOMENCLATURE

Thefollowingsymbolsareusedinthisreport:

thrustcoefficient,thrust/(chaniberpressure)(throatarea)

characteristicvelocity,ft/see,(chamberpressure)(throatarea)/
propellantflow

gravitationalconstant,32.2ft~secz

specificimpulse,lb-see/lb,thrust/propellantflow

experimentalspectiicimpulse,lb-see/lb

experimentalspecificimpulsecorrectedfor
lb-see/lb

experimentalspecificimpulsecorrectedfor
chamber-pressurevariation,lb-see/lb

experimentalspecificimpulsecorrectedfor
variation,lb-see/lb

heatrejection,

heatrejectionand

chamber-pressure
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mechanicalequivalentofheat,778ft-lb/Btu

slopeof I againstlog Pc curve,88.65forsmmonia-fluorine
combination

characteristicenginelength,in.,chambervohune/throatarea

experimentalchaniberpressure,lb/sqin.abs

totalheattransfer,Btu/sec

combustiontemperature,%

temperatureofrockete~ust atnozzleexitJ%

idealthermodynamiccycleefficiency,(1- %/Tc)

EQUIPMENTANDINSTRUMENTATION

Propellants

Anhydrousliquidamoniawasobtainedin commercialcylinders=d
loadeddirectlyintothefuelsupplytankbeforeeachrun. Gaseous
fluorineofatleast98percentpuritywaspurchasedinchrome-
molybdenumsteelcy13nders,eachcontaining6 poundsofthegasunder
a pressureofapproximately360poundspersquareinch.Thefluorine
gaswascondenseddirectlyintotheliquid-nitrogen-cooledoxidantsup-
plytanktiediatelybeforeeachrun.

.

.

—

.

Facilities

A flowdiagramoftheapparatususedthroughouttheinvestigation
is showninfigure1. Thefacilitiesdescribedhereinweresimilarto
thoseofreference2.

Initially,thegaseous-fluorinesupplysystempermitteduseof
onlyonecylinderata the. Subsequently,sixgaseous-fluorinecyl-
indersweremanifoldedinsidea protectivesteelbarrieras illustrated
infigure2. Thefirstofthesecylinderswasfittedwitha gearbox
andan extensionhandleforremoteoperation.Extensionrodspassing
throughthetopofthebarrierwerefitteddirectlyto thevalvestems
ontheotherfivecylinders.Thesecylinderswereopenedwitha long-
handledwrenchfromoutsidethebarrier.A photographofthissystem
is showninfigure3(a). a-

.
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Thefluorineflowsystemwasmadeentirelyofbrass,nickel,and
moneltubingandfittings.Thefluorinesupplytankwassuspendedfrcm

. a cantileverweigh-beamandinmersedina liquid-nitrogenbath
(fig.3(b)).

Stainlesssteelwasusedthroughoutthefuelflowsystem.The
fuelsupplytankwassuspendedfroma cantileverweigh-beamandwas
immersedina waterbathtoprovidea buoyantforcetonearlycounter-
balancetheweightofthetank.N A photographofthefuelsupplysystem

E is showninfigure3(c).
WI

Pressurized,dryheliumwasusedtoforcethepropellantsfromthe
supplytankstotherocketengine.

Thethruststandwithprope~antlines,valving,andmountedrocket
engineis showninfigure3(d). It isa bearing-typepivotedstand
withtheenginemountedat a downwardangleof30°.

Therocketenginesweredesignedtodeliver100poundsthrustata
chamberpressureof300poundspersquareinchabsolute.Combustion
chambersandnozzleswereconstructedwithtwotypesof coolantpassage,
theannular(fig.4(a])andthespiraltype(fig.4(b)).Thechambers
hadcharacteristiclengthsof either50 or100inches.

. Theperformanceandoperationalcharacteristicsof severaltypes
of @inging-jetinjectorwerestudied.Figure5(a)isa photograph
andcross-sectionalsketchofthefirstofthese,a triplet-typetwo-
oxidant-on-one.fuelinjectorwithfoursetsofholes,hereafterdesig-
nated4(2-1].A heliumbleedaroundthefuelorificeswasincorporated
inthisi~ectorforstudieswithanotherpropel&mtcotiination;how-
ever,thegasbleedwasnotusedforthesmmonia-fluorineinvestigation.
A one-oxidant-on-one-fuelinjectorwitheightsetsofholes,designated
8(1-l]CA,is showninfigure5(b). ItWasfittedwitha water-cooled
copperturbulencecoil.Thecoilwaslatermovedclosertotheinjector
face,within1/8inchoftheimpingementpoint,andthecoildismeter
wasdecreasedtoprovidefortheimpingementoftheresult-tstreams
onthecoilovera widerrsngeoffuelpercentages.Thismodifiedcon-
figurationisreferredtoas the8(1-l)CBinjector.Theshowerhead-type
injectorused(fig.5(c))had22fueland66 oxidantholes.A second
typeoftripletinjector(6(2-1))usedis showninfigureS(d). Ithad
sixsetsofholesanda somewhatshorterimpingementlengththanthe
4(2-1). Figure5(e)showsthedouble-ccmeinJectorconsistingofa
conicalarrayofeightoxidantJetsccmmonlyimpingingontheresultant
streamfroma similarconeofeightfueljets.

SomeofthemoreimportantdimensionsoftheSW injectorsused
arepresentedintableI.
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.
Instrumentation

Theinstrumentationusedthroughoutthisinvestigatbnwasthesame .
asthatdescribedinreference2.

—

Thrustandpropellantflowratesweremeasuredwithcalibrated
straingagescementedto cantileverweigh-beams.Voltagesofthe

—

strain-gagecircuitwererecordedon self-balacingpotentiometers.
Theprecisionofthesemeasurements,includingvariationofcalibration

—
m

constantsandinterpretationof ch=t ~ea~~s~ -S betterth~ 1“5Per- ... %
centinpropellantflowsand2 percentinthrustmeasurement.Propel-” m
lantinjectionpressureandccnnbustion-chamberpressureweremeasured
by Bourdentube-typepressurerecorders.Theoutputsof iron-constantan
thermocoupleswererecordedon self-balancingpotentiometersandwere
usedto determinethetemperaturesofthepropellantsandcoolantwater.

—

Thesetemperatureswereaccuratetowithin2 percent.

Thecotiustion-chauibercoolantflowwasmeasuredwitha variable-
areaorificemeterto anaccuracywithin2 percent.Theturbulence-coil
cmlantflowwasdetermined
sureappliedtothecoolant

fron-acalibrationofflowagainstthepres-
Supplytank*

—

PROCEDURE.- ——
.

EngineOperation .-

Liquidammoniawasloadedintothefuelsupplytankdirectlyfrom
thecommercialsupplycylinderafterallvalvesandfittingsInthe
entiresetupwerepressure-checkedandpurgedwithdryhelium.

Gaseousfluorine,froma remotelyopenedcylinder,wascondensed
intheliquid-nitrogen-cooledoxidantsupplytank. Condensingopera-
tionswereenhancedby theadditionofa trap,surroundedby a dryice-
alcoholbath,toremovehydrogenfluorideframthegaseousfluorine.
Afterthecondensingoperation,bothpropellanttankswerepressurized ““ “—
whilea precookingflowofliquidnitrogenwaspassedthroughthefluo-
rineflowsystem.Theprecookingoperationwasstoppedandthefluortie
flowvalveopened,followedimmediatelybytheopeningofthesmmonia
flowvalve.Aftersevemilruns,thefiringprocedurewasalteredto

—

pemit theintroductionoftheammoniafirst,duringthelastfewsec-
—

endsoftheli~uid-nitrogenprecookingoperation,andthentheliquid-
nitrogenflow;asstoppe~
Whenthepropellanttanks
helium.

an~theflu&i~eflowbegunimmediately
wereemptied,bothsystemswerepurgedwith

.

.
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.
Thisfluorine-handlingandfiringprocedurewaslatermfiifiedto

obtainmoredatainlesstime. Themodificationprovideda sti-cylinder
“ fluorinemanifoldandsemi-remoteoperation.Thefirstcylinderof

fluorinewascondensedremotelyaswasdescribedabove,afterwhichthe
cylindervalvewasclosed.Ifno difficultywasencountered,theoper-
atorapproachedtheoutsideofthebarrierand,reachingoverthetop
witha long-handledwrench,openedasmanyoftheremainingfivecylin-
dersaswererequired.Condensingproceededfromthesecylinders
simultaneously.

Thelargersupplyoffluorinepermitteda seriesofrunswitha
singleloading.Thefiringprocedureforthefirstrunoftheseries
wasstartedas describedpreviously.Afterapproximately20 seconds
of running,bothpropellantvalveswereclosedsinmltsneously. Since
subsequentrunsweremadeimmediatelyafterresettinginjectionpres-
sures,therewasnoneedforfurtherlinecooling.Thefuelvalvewas
openedto startthenextrunandwasfollowedimmediatelyby theopening
oftheoxidantvalve.Asmsnyas foursuccessiverunshavebeenmade
followingthisprocedure.

DataPresentation

Thetheoreticaldatapresentedin thisreportwereobtainedfrom
. reference5 andarebasedonequilibriumcompositionexpansion.

Experimentalvaluesof specificimpulsewerecalculatedfrommeas-
uredthrustandpropellantflowratesandwereconsideredtobe precise
within3 percent.Correctionswereappliedtotheexperimentaldata
forheatre~ectionto chamberwallsandto theturbulencecoilaswell
as fordeviationsin ch~er pressurefromthebaseof300poundsper
squareinchabsolute.

Thespecificimpulsecorrectedfortotalheatrejectionisa func-
tionofthemeasuredheatrejectionandtheidealthermodynamiccycle
efficiency,(1- Te/Tc)jandisgivenby theequation

‘h=-
Thecorrectionforchamber-pressurevariationwasthenaddedto the

heat-correctedspecificimpulse.Thecorrectionisbasedon.thetheo-
reticalincreaseIn specificimpulsewithincreasedchamberpressureat
optimumarearatios(ref.6),andisgivenbytheequation

.

.

Iex -~= Klog (Pc/300]
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where K istheapproximateslopeofthecurveof I againstlog Pc
andisequalto88.65forthispropellantconibination.Figure6 isa
curveofthesecorrectionsplottedagainstlog Pc.

Theexperimentalchamberpressuretogetherwiththrustandpropel-
lantflowsprovidedthemeansforcalculatingcharacteristicvelocity
andthrustcoefficienttoa precisionwithin3 percent.

Theheat-rejectionvaluespresentedwerean averageovertheentire
combustionchamber,nozzleincluded,andweretakenas theproductof
coolantspecificheat,flowrate,andinletandoutlettemperature
difference.

RESULTSANDDISCUSSION

SpecificImpulse

Theexperimentaldataarepresentedintable11. Figure7(a)shows
experimentalspecific@uJ_seas a function-ofweightpercentfuelfor
fouroftheinjectorsused;thetheoreticalcurveispresentedforcom-
parison.Thecurvesindicatethatthemaximume~erimentalperformance
wasobtainedwiththetriplet-t~e4(2-1)injectorusinga 50 L*
engine.Peakspecificimpulsewiththisinjectorwas270pound-seconds
perpoundat 29percentfuel,approximately87percentofthetheoreti-
calmaximumof311pound-secondsperpoundat 24percentfuel. (This
peakvaluecorrespondstoabout94percentofthetheoreticalmeximum
basedonfrozencompositionexpansion.)Theshapeoftheexperimental
curveindicatesthattheefficiencyoftheinjector,as comparedwith
others,isrelativelyindependentoffuelpercentage.significantly,
thefairedcurveindicatesthata specificimpulseofabout250pound-
secondsperpoundis stillobtainableatfuelpercentagesashighas40.
Thisregionmaybe ofinterestwhenthedesignofa self-cooledrocket
engineis considered,sinceamnoniaisthemoreobviouscoolantofthis
combination.

Thehighperformanceofthe4(2-1)inthefuel-richregionisin
sharpcontrasttotheabruptdecreasein efficiencyofthe8(1-l)CA
impinging-jetinjectoroneithersideofthepeakperformaceof264
pound-secondsperpoundat 29percentfuel. Similarresultswere
observedinreference2,whereitwassuggestedthatthevariationof
efficiencywithfuelpercentageforthisinjectorwasdueto a depend-
encyonresultantangleoftheimpingingstreams.Severalrunsmade
withthemodifiedturbulencecoil,8(1-l)CB,revealedno measurable
increaseovertheperformanceofthe8(1-l)CAconfiguration.Although
a differenceinefficiencywouldpossiblyhavebecomeapparenthada
greaternuaiberofrunsbeenmadetithbothtypesofturbulenceprcuuoter,
itwasevidentthatneitherofthecoilswouldhaveincreasedtheeffi-
ciencyofthe1-1configurationstothatofthe4(2-l).

.

—
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Threecheckrunsmadewiththeshowerheadinjectorina 100 L*
chanibergaveextremelylowperformsmce,aswasexpectedwhentheresults
reportedinreference2 wereconsidered.Thehighestspecificimpulse
obtainedwasonlyabout225pound-secondsperpoundat 33percentfuel.

Thecorrectedcurvesof specificimpulse,showninfigure7(b),
indicateno significantdifferencefrcmthetrendsestablishedby the
experimentaldata. Themsximumcorrectedvalueforthe4(2-1)injector
was275pound-secondsperpoundat 28percentfuel,an increaseof 2
percentovertheuncorrectedvalue.Themsximumvalueforthe8(1-l)CA
and8(1-l)CBinjectorswasincreased3 percentby thecorrectionstoa
valueof272pound-secondsperpoundat 29percentfuel.

CharacteristicVelocity

Thecurvesof experimentalcharacteristicvelocityC* against
weightpercentfuel,aspresentedinfigure8, showagainthatmaximum
performancewasobtainedwiththe4(2-1)injector,althoughthediffer-
encebetweenthemaximumwiththisinjectorandthatofthe8(1-l)CA
and8(1-1)~injectorswasnotsignificantlylarge.Thevalueswere
6600and6550feetpersecond,respectively,orabout93percentof
thetheoretical.maiimum.Thepeaksinthecurves,however,occurred
at32percentfueltiththe4(2-1)andat 27percentwiththe8(1-l)CA
and8(1-l)CBinjectors.

No C* valueshigherthan5560feetpersecondwereobtainedwith
theshowerheadinjectorin a 100 L* chmiber.

ThrustCoefficient

Thrust-coefficientvaluesforthechambernozzlesusedreacheda
maximumvalueof1.31,92percentofthetheoreticalmaxinnmbasedon
equilibriumcompositionexpansion,as showninfigure9. Thelowvalues
maybe due,aswassuggestedInreference2,tononequilibriumexpansion
throughtheenginenozzle.

HeatRejection

Averagetotalheat-rejectionvaluesforthe4(2-1)injectorwere
onlyslightlyhigherthanthoseforthe8(1-l)CAand8(1-l)CBinjectors,
as shuwnby figure10 (areferencec~e of ccmibustiontemperatureis
alsoincluded).Valuesvariedfrom2.5to 3.lBtu/(sec)(sqin.)for
the4(2-1}andfrom2.4to 2.7Btu/(sec)(sqin.)forthe8(1-l)CAand
8(1-l)cBoverthermge of 20to 40 percent fuel. me sh~erheadi@ec-
torproducedthelowestheat-rejectionvalues,0.9to1.1Btu/(sec}(sq

)in..
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●

Burn-outsoccmredwithtwoinJectorswithin3 secondsofthestart
oftheruns.Thecenterfaceofthe6(2-1)injector(fig.5(d))burned
throughdespiteeffortsto.coolthefaceby divefiinga Portionoftie

.

oxidantflowthroughsmallholesdri31edinthisface.
_-

A comparison
ofthedimensionsofthisinjectorwiththoseof the4(2-l)(seetable1)
showsthatthe6(2-1)injectorhada shorter-impingementlengthand
shorterdistmcefromimpingementpointto engineaxis. Inaddition,
$heexternalmanifoldingofthetwofluorine”chambersin the6(2-1)
(fig.5(d)) resultedina 50-50distributionoffluorinetothetwo U)
chambers,as opposedtotheinternalmanifold~ng(fig.S(a))usedfor %
the4(2-l),whichprovidedfor63percentofthefluorineflowthrough m-
theinnerchariber.Anyone,orcombination,ofthesedifferencescould

—

haveresultedintheburningoutofthe6(2-1)injector.

An examinationofthedouble-coneinjectorafterattemptedruns
revealedseveralholesburnedintheinjector-facebetweenthedrilled
oxidantorifices.

=

OperationalNotes

Low-frequencyfluctuationsofthrust,chamberpressure,and
propellant-injectionpressureswereevidencedh runswiththe4(2-1)
injectoratmixhm?eratiosgreaterthan28percentfuel. Thechamber-
pressureoscillationswerefirstnoticedonrecordsobtainedwitha

b

Bourden-tubepressurerecorder(fig.11)andwerelatersubstantiatedby
press~e measmemnts madewithvariable-reluctancepressurePickups.The . ‘_
indicatedfrequencyof thefluctuationswasverylow,approximately2 to
4 cyclespersecond.Althoughtheinstrumentationusedwasnotsuitable ., _
foran accuratedeterminationoftheamplitude,it indicateda trendof
increasedamplitudewithincreasedfuelpercentageto a peak-to-peakvalue
oftheorderof 60poundspersquareinchat50percentfuel. .-

Attemptsto determinethesourceofthesevery-low-frequencypres-
suredisturbanceswerenotsuccessful.Cold-flowtestsmadeundersimu-
latedrunconditionsfailedto exhibitanyfluctuationsinpropellant
injectionpressures.DifferentialpressuresoftheProPell~tsacross
thisinjectorwerebetween100and200poundspersquareinch,which
wouldtendtoinhibitanycouplingbetweenthecombustionchwnberand

—.

propellantsupplysystems.Itappearsthattheoscillationsareasso-“— “-
ciatedwiththisparticulartripletinJectorandcouldprobablybe .
eliminatedby a differenttripletdesign.

—

Roughstarts,erraticchamberpressure~d thrustbuildup,were
observedattheoutsetoftheinvestigation..(S~l~ obse~ations
arereportedinref.3.) Thefiringprocedureat thattimecalledfor

.

a shortfluorineleadintothechamber.An extendedoxikt leadof ‘-
approximately2 to 3 secondsresultedinsmexplosionin therocket .— ——

—
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chaniberwhenthefuelwasintroduced.Thefiringprocedurewasthen
alteredtoprovidea definitefuellead.Runsmadeunderthesecondi-

. tionsproducedsmoothstartswithfuelleadsaslongas 3 to 4 seconds,
as shownbythethrustrecordreproducedinfigure12(a). (Liquid-
nitrogenflowwasmaintainedinthefluorinelineduringthefuellead
topreventammoniafrcmbackingup intothefluorinesystem.)Figure
12(b)shows,by comparison,thethrustrecordofa runstartedwithan
oxidantlead.A moredetailedinvestigationofthisphenomenonshould

N revealitsexactnatureandestablisha recommendedstartingtechnique.
a)wu-l Chamberdeposits,(insmallquantities),probablyconsistingof.snmo-

niumfluorideforthemostpart,wereobservedwhensmmoniawaspermitted
to flowthroughthechsmiberafterthefluorineflowhadexpired.Arrange-
mentsweremadein severalrunstoprovidea fluorineoverride.Examina-
tionofthecombustion
tracesofthedeposit.

A whenbothfluorineand
89
y

E

chsnibermd injectoraftertheserunsrevealedonly
Again,onlytracesofthedepositwereinevidence
ammoniaflowwerehaltedsimultaneously.

SUMMARYOFRESULTS
Theresultsoftheinvestigationoftheliquid“fluorine- liquid

smmoniapropeUantconibinationin100-pound-thrustrocketengines,
operatingat a chamberpressureof300poundspersquareinchabsolute,

. canbe summarizedas follows:

1.Maximumexperimentalperformancewasobtainedwitha triplet-
. typetwo-oxidant-on-one-fuelimpinging-jetinjector,withfoursetsof

holes,runwithchambersof50-inchcharacteristiclength.Thepeak
experimentalspecificimpulseobtainedwas270pound-secondsperpound
at 29percentfuel- 87percentofthetheoreticalmaximum.Thisvalue
wasincreasedto 275pound-secondsperpoundby correctionsforheat
rejectionto enginewallsandchamber-pressurevariationfroma base
of 300poundspersquareinchabsolute.Themaximumvalueof character-
isticvelocityforthisinjectorwas6600feetpersecondat 32percent
fuel- 93percentofthetheoretical..Averagetotalheat-rejection
valuesvariedfrom2.5to 3.1Btu/(sec)(sqin.)intherangeof 20to
40percentfuel.

2.A one-oxidant-on-one-fuelimpinging-jetinjectorfittedwitha
turbulence-prmnotingcoilandrunwithchambersof50-inchcharacter-
isticlengthproduceda msxtiumspecificimpulsevalueof 264pound-
secondsperpound.Thebestvalueof characteristicvelocityobtained
was6550feetpersecond.Heat-rejectionvaluesrangedfrom2.4to 2.7
Btu/(sec)(sqin.)intheregionof 20to40percentfuel.A modification
ofthecoilresultedinnomeasurableincreaseinperformance.
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3.Threerunsmadewitha shuwerhead-typeinjectorwitha chaniber
of100-inchcharacteristiclengthgavelowperformance.Thehighest
specific-impulsevalueobtainedwas225pound-secondsperpound.

4.Themaximumvalueofthrustcoefficientobtainedforthenoz-
zlesusedwas1.31,92percentofthetheoreticalvalue.

5.Injectorburn-outsoccurredwithin3 secondsofthestartof
therunswitha triplet-typeinjectorwithsixsetsofholesandan
injectorconsistingofa conicalarrayof fuel jetsimpinginginside
a similarconeofoxidantjets.

6.Erraticbuildupofthrustandchaniberpressurewasobservedin
several.runsinwhichthefluorinewasintroducedintothecombustion
cha?iberbeforetheemmonia.Runsmadewitha fuelleadweregenerally
smooth-starting.

7.smallamountsofa whitedeposit,probablyammoniumfluoride,
werenoticedontherocket-injectorfaceandcombustion-chamberwalLs
afterrunsinwhichammoniaflowwascontinuedintothechamberafter
thefluorineflawhadexpired.Onlytracesofthisdepositwerein
evidencewheneitherfluorinewasin excessorbothfuelandoxidant
flowswerehaltedsimultaneously.

COI?CLUDIl!TGREMARKS

Theresultsoftheexperimental.Investigationshowthatspecific-
impulsevaluesashighas87percentofthetheoreticalbasedonequi-
libriumcompositimexpansionareattainablewithconventionalinJector
designs.It isfeltthatstillhigherimpulsevalues canbe achieved
withfurtherinvestigationofvariousinjectorandnozzleconfigura-
tions.Thisworkcsnbefacilitatedandacceleratedby operationat
higherthrustlevelswhichwouldoffera greaterdegreeofflexibility
in suchinjectorandenginestudies.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,April20,1953
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